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Abstract 

In  the  present  study,  K2S  and  Bi2S3  were  used  as  additives  in  electrolytes  and  electrodes,  respectively.  The  effects  of  these  additives  on  the 
electrochemical  properties  of  nano-sized  Fe203 -loaded  carbon  electrodes  were  investigated  using  cyclic  voltammetry  (CV),  galvanostatic  cycling 
performance  and  scanning  electron  microscopy  (SEM),  along  with  electron  dispersive  spectroscopy  (EDS).  The  results  showed  that  both  K2S  and 
Bi2S3  significantly  reduced  hydrogen  evolution  and  benefited  the  Fe203 -loaded  carbon  electrode,  such  as  by  retarding  passivation  and  improving 
the  discharge  capacity.  The  effects  of  metal  sulfide  additives  depended  on  the  carbon  used.  For  Bi2S3  additive,  all  carbons  provided  larger  capacities 
than  acetylene  black  (AB)  while  AB  gave  greater  capacity  than  other  carbons  when  K2S  was  used. 

©  2007  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

There  has  recently  been  growing  interest  in  porous  iron  elec¬ 
trodes  since  they  have  a  high  theoretical  capacity  (960  mAh  g~ 1 ) 
and  a  long  cycle  life,  and  are  inexpensive  and  environment- 
friendly.  However,  a  major  problem  with  an  iron  electrode 
is  passivation  caused  by  iron  hydroxide  produced  during  dis¬ 
charge,  which  prevents  further  anodic  utilization.  Furthermore, 
a  porous  iron  electrode  has  a  low  hydrogen  overpotential,  which 
limits  its  application  in  commercial  batteries  [1-5].  Numerous 
investigations  have  focused  on  improving  the  charging  efficiency 
and  discharge  capacity,  and  minimizing  self-discharge  [1-16]. 

Although  various  metal  sulfides  (FeS,  BES3,  Na2S,  K2S, 
. . .)  have  been  used  as  additives  with  iron  electrodes  and  asso¬ 
ciated  electrolytes  [2-21]  to  circumvent  the  above  problems, 
their  role  is  not  yet  fully  understood.  The  effectiveness  of  a 
sulfide  additive  has  been  attributed  to  factors  such  as  sulfide 
ion  adsorption  at  the  electrode/electrolyte  interface,  with  sub¬ 
sequent  incorporation  into  the  oxide  lattice  [6-8],  modification 
of  the  electrode  kinetics  [6],  modification  of  the  electrode  tex¬ 
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ture  and  morphology  [8],  increase  in  the  anodic  current  density 
[8-10],  increase  in  the  bulk  electrode  conductivity  [2],  enhanced 
rate  of  the  Fe/Fe(OH)2  reaction,  increase  in  the  solubility  of  iron 
compounds  [4,8,10,17],  and  inhibition  of  self-discharge  of  the 
iron  electrode  [5,7,1 1].  Studies  have  shown  that  the  addition  of 
metal  sulfides  such  as  FeS,  PbS,  BES3,  or  sulfur  to  the  electrode 
active  material  [2,3,5,7-10,13,14,16]  or  Na2S  (or  K2S)  to  the 
KOH  electrolytic  solution  [4,6,9,11,12,15,17-21]  significantly 
increases  the  iron  electrode  capacity.  In  addition,  LiOH  has  been 
used  as  an  additive  in  KOH  electrolyte  [2,4-6,10,11,13-17] 
to  improve  the  utility  of  the  iron  electrode.  However,  all  of 
these  metal  sulfide  additives  were  used  for  Fe  electrode  free 
carbon.  Our  previous  work  [22]  revealed  that  an  Fe/C  mixed 
electrode  improves  the  conductivity  and  redox  current  of  an  iron 
electrode  and  metal  sulfide  additives  (K2S  and  FeS)  [23]  had 
beneficial  effects  for  an  Fe/C  mixed  electrode,  such  as  consider¬ 
ably  suppressing  hydrogen  evolution  and  inhibiting  passivation. 
To  increase  the  surface  area  of  the  active  material,  nano-sized 
Fe203 -loaded  carbon  was  prepared  [24].  This  material  provided 
larger  capacity  than  mixed  Fe/C.  A  disadvantage  of  nano-sized 
Fe203 -loaded  carbon  was  that  passivation  and  hydrogen  evolu¬ 
tion  still  occurred  during  cycling.  In  the  present  study,  K2S  and 
BES3  were  used  as  additives  in  nano-sized  Fe2C>3 -loaded  car¬ 
bon  to  better  understand  their  ability  to  promote  depassivation 
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and  reduce  hydrogen  evolution  and  thereby  improve  the  cycle 
performance. 

2.  Experimental 

Vapor-grown  carbon  fibers  (VGCF;  Showa  Denko  Co.), 
acetylene  black  (AB,  Denki  Kagaku  Co.)  and  natural  graphite 
(Chuetsu  Graphite  Co.),  with  average  diameters  of  ca.  200  nm, 
100  nm  and  18  |mm,  respectively,  were  used  in  the  present  work. 
In  addition,  two  kinds  of  carbon  nanofibers  (CNFs),  a  nanotube 
type,  with  an  average  diameter  of  ca.  50  nm,  and  a  platelet 
type,  with  an  average  diameter  of  ca.  150  nm,  were  also  investi¬ 
gated.  For  tubular  CNF,  graphene  is  aligned  parallel  to  the  fiber 
axis  while  in  platelet  CNF  graphene  is  aligned  perpendicular 
to  the  fiber  axis.  The  main  characteristics  and  morphology  of 
the  carbon  materials  used  have  been  described  previously  [22]. 


Iron  nitrate  (Wako  Pure  Chemical,  Co.)  was  used  as  the  iron 
source. 

The  Fe203 -loaded  carbon  material  was  prepared  by  impreg¬ 
nating  Fe(NC>3)3  on  carbon  with  an  iron  to  carbon  weight  ratio  of 
1 :8  in  an  aqueous  solution.  The  mixture  was  then  dried  at  70  °C, 
followed  by  calcination  for  1  h  at  400  °C  in  flowing  Ar.  The  Fe 
compound  obtained  on  the  carbons  was  identified  to  be  Fe2C>3 
by  X-ray  diffraction.  The  morphology  of  the  as-prepared  Fe2C>3- 
loaded  carbon  materials  was  observed  by  transmission  electron 
microscopy  (TEM)  and  scanning  electron  microscopy  (SEM), 
together  with  X-ray  energy  dispersive  spectroscopy  (EDS). 

To  determine  the  electrochemical  behavior  of  each  Fe2C>3- 
loaded  carbon  material,  electrodes  with  and  without  Bi2S3 
additive  were  prepared.  An  electrode  sheet  free  of  additive  was 
prepared  by  mixing  90  wt%  of  the  respective  Fe203  -loaded  car¬ 
bons  and  10wt%  polytetrafluoroethylene  (PTFE;  Daikin  Co.), 


Tubular  CNF 


Fig.  1.  TEM  images  of  nano-sized  Fe2C>3  -loaded  carbon  using  various  carbon  materials. 
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and  rolling.  Electrodes  containing  EE2S3  additive  were  pre¬ 
pared  by  the  same  procedure.  Bi2S3,  which  was  present  at 
two  levels  in  the  Fe203 -loaded  carbon  electrode,  1  wt%  and 
2wt%,  was  incorporated  into  the  electrodes  by  mixing  before 
rolling.  The  Fe203 -loaded  carbon  electrode  was  made  into  a 
pellet  1  cm  in  diameter.  Two  kinds  of  electrolyte  were  prepared: 
additive-free  (base  electrolyte)  and  containing  additive.  The 
base  electrolyte  was  8  mol  dm-3  aqueous  KOH  solution,  and 
the  additive  electrolyte  was  KOH  solution  containing  0.05  M 
and  0.1  M  of  K2S  (total  concentration  of  KOH  and  K2S  was 
8  M).  Cyclic  voltammetry  studies  were  carried  out  with  a  three- 
electrode  glass  cell  assembly  that  had  an  Fe203 -loaded  carbon 
electrode  as  the  working  electrode,  silver  oxide  as  the  counter 
electrode,  Hg/HgO  (1 M  NaOH)  as  the  reference  electrode  and 
cellophane  together  with  filter  paper  as  a  separator,  which  was 
sandwiched  by  the  two  electrodes.  The  base  electrolyte  was 
used  for  electrodes  with  Bi2S3  additive,  and  the  electrolyte 
containing  K2S  was  used  for  sulfide-free  electrodes.  Cyclic 
voltammetry  measurements  were  recorded  at  a  sweep  rate  of 
0.5  mV  s-1  and  within  a  range  of  —1.3  V  to  —0.1  V.  After  the 
15th  and  50th  redox  cycles,  the  Fe203 -loaded  carbon  elec¬ 
trodes  were  removed,  washed  with  deionized  water,  dried  and 
observed  by  SEM-EDS  for  comparison  with  the  findings  before 
cycling. 

Galvanostatic  cycling  performance  for  the  Fe203 -loaded 
carbon  electrodes  was  measured  with  a  three-electrode  glass 


2.0  pm  Fe  K 


2.0  pm  C  K 


cell  assembly.  The  discharge  cutoff  potential  was  —0.1  V,  and 
a  constant  potential  charging  step  was  applied  at  —1.15  V 
after  galvanostatic  charging.  A  constant  potential  of  —1.15  V 
was  used  because  of  the  large  amount  of  hydrogen  evolu¬ 
tion  observed  at  —1.2  V.  The  current  densities  for  the  charge 
and  discharge  processes  were  0.5  mA  cm-2  and  0.2  mA  cm-2, 
respectively. 

3.  Results  and  discussion 

The  Fe  compound  obtained  on  the  carbons  was  identified  to 
be  Fe2C>3  by  X-ray  diffraction  [24].  Thus,  the  active  material  in 
this  case  is  Fe203. 

TEM  images  of  as-prepared  Fe203  -loaded  carbon  using  var¬ 
ious  carbon  materials  are  shown  in  Fig.  1.  The  dark  particles  in 
these  pictures  are  Fe2C>3.  The  TEM  images  indicated  that  fine 
Fe2C>3  particles  were  dispersed  on  the  carbon  surface.  The  par¬ 
ticle  size  of  Fe203  is  about  a  few  tenths  of  a  nanometer.  Such  a 
distribution  of  Fe203  is  expected  to  improve  the  cycleability  of 
Fe2C>3 -loaded  carbon  electrodes. 

Fig.  2  depicts  SEM  images  and  the  distribution  of  iron  and 
carbon  by  EDS  of  as-prepared  nano-sized  Fe203 -loaded  materi¬ 
als  using  graphite  and  tubular  CNF,  respectively.  The  distribution 
of  iron  and  carbon  on  nano-sized  Fe203 -loaded  graphite  and 
tubular  CNF  materials  revealed  that  iron  pieces  were  well  dis¬ 
persed  on  the  carbon  surface.  Such  distribution  should  increase 


i - 1 3.0  pm  Fe  K 


3.0  pm  C  K 


Fig.  2.  SEM  images  and  distribution  of  Fe  and  carbon  for  nano-sized  Fe2C>3 -loaded  (a)  graphite  and  (b)  tubular  CNF  material. 
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the  surface  area  of  active  material  and  improve  the  cycle  perfor¬ 
mance  of  nano-sized  Fe2C>3 -loaded  carbon  electrodes. 

Voltammograms  of  nano-sized  Fe203 -loaded  carbon  elec¬ 
trodes  in  base  electrolyte  and  in  electrolyte  containing  0.1  M  of 
the  K2S  additive  as  well  as  the  electrode  with  1  wt%  of  Bi2S3 
additive  after  the  first  five  cycles  are  shown  in  Figs.  3  and  4.  In 
the  case  of  nano-sized  Fe2C>3 -loaded  electrodes  without  additive 
(Figs.  3a  and  4a),  a  couple  redox  reaction  peak  was  observed  at 
around  —0.6  V  (a2)  upon  oxidation  and  at  around  — 1.0  V  (ci) 
upon  reduction.  The  form  of  carbon  affected  the  redox  behavior 
of  the  electrodes.  For  example,  tubular  CNF,  AB  and  graphite 
provided  a  sharp  couple  peak  while  the  peaks  were  rather  small 
for  platelet  CNF  or  VGCF.  With  repeated  cycling,  the  anodic 
peak  moved  toward  a  more  positive  potential  and  the  cathodic 
peak  shifted  to  a  more  negative  potential,  especially  in  the  case 
of  AB  and  platelet  CNF.  In  the  literature  [1,2,17-19],  the  overall 
electrochemical  behavior  involved  in  the  passivation  and  disso¬ 
lution  of  iron  in  alkaline  solution  has  been  proposed  to  consist 


Potential  /  V  vs.  Hg/HgO 


Fig.  3.  Cyclic  voltammetry  for  Fe2C>3 -loaded  carbon  composite  electrodes  in  (a) 
initial  cycles.  (Arrows  indicate  the  tendency  of  the  current  during  cycling.) 


of  two  main  steps,  the  first  of  which  is  [1] 

Fe  +  20H“  <=►  Fe(OH)2  +  2e,  E°  =  -0.975  V  (1) 

According  to  some  authors  [17-19],  Eq.  (1)  involves  the  fol¬ 
lowing  partial  steps  in  conjunction  with  the  adsorption  of  OH- 
ion: 

Fe  +  OH-  <=►  [Fe(OH)]ad  +  e  (2) 

[Fe(OH)]ad  +  OH“  <=>  Fe(OH)2  +  e  (3) 

Most  authors  agree  that  the  formation  of  Fe(OH)2  proceeds 
through  the  formation  of  the  soluble  intermediate  prod¬ 
uct,  HFe02_  [1,15],  the  concentration  of  which  is  strongly 
temperature-dependent  [17-19],  i.e.: 

[Fe(OH)]ad  +  20H"  <=►  HFe02“  +  H20  +  e  (4) 


Potential  /  V  vs.  Hg/HgO 


base  electrolyte  and  (b)  electrolyte  containing  0.1  M  K2S  additive  after  the  five 
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Potential  /  V  vs.  Hg/HgO 


Fig.  4.  Cyclic  voltammetry  for  Fe2C>3 -loaded  carbon  composite  electrodes  (a)  without  and  (b)  with  1  wt%  Bi2S3  additive  after  the  five  initial  cycles  in  base  electrolyte. 
(Arrows  indicate  the  tendency  of  the  current  during  cycling.) 


and 

HFe02“  +  H20  <=►  Fe(OH)2  +  OH“  (5) 

The  second  oxidation  step  of  the  iron  electrode  involves  [1] 
Fe(OH)2  +  OH-  FeOOH  +  H20  +  e,  E°  =  -0.658  V 


(6) 

and/or  [13,14] 

3Fe(OH)2  +  20H“  ^  Fe3044H20  +  2e,  E°  =  -0.758  V 


(7) 

Thus,  anodic  peak  a2  involves  the  oxidation  of  both  Fe  to  Fe(II) 
(Eq.  (1))  and  Fe(II)  to  Fe(III).  In  the  first  scan,  Fe(II)  was  con¬ 
verted  to  Fe(III)  as  shown  by  Eqs.  (6)  and  (7),  however,  from 
the  second  scan,  the  oxidation  of  Fe(II)  only  proceeded  via  Eq. 
(7),  as  evidenced  by  the  Fe204  production  including  Fe(II)  and 


Fe(III).  Cathodic  peak  ci  corresponds  to  the  reduction  of  both 
Fe(III)/Fe(II)  and  Fe(II)/Fe.  The  first  anodic  peak  ai  (Eq.  (1)) 
did  not  appear  separately  from  anodic  peak  a2  due  to  the  for¬ 
mation  of  a  passive  layer,  caused  by  the  reaction  of  nano-sized 
Fe2C>3. 

From  Figs.  3  and  4,  it  is  clear  that  K2S  and  Bi2S3  as  additives 
strongly  affect  the  redox  behavior  of  iron.  When  these  metal 
sulfide  additives  were  used  with  all  of  the  carbons  tested  (Figs. 
3b  and  4b),  with  both  K2S  and  Bi2S3,  along  with  the  appear¬ 
ance  of  a  redox  couple  peak  a2-ci,  a  new  oxidation  peak  ai 
occurred  at  around  —0.95  V.  The  anodic  peak  ai  is  attributed  to 
the  oxidation  of  Fe  to  Fe(II)  (Eq.  (1)),  which  causes  the  passiva¬ 
tion  of  iron  electrode.  In  the  presence  of  K2S  or  Bi2S3  additive, 
the  anodic  peak  ai  increased,  which  means  that  the  reaction 
rate  of  Eq.  (1)  was  increased.  This  suggests  that  passivation 
was  retarded  by  the  sulfide  ion.  This  result  agrees  with  those 
in  previous  reports  [4-6,8,17,21].  S2-  additive  was  thought  to 
adsorb  at  the  electrode/electrolyte  interface  and  then  be  incor- 
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Fig.  5.  Dependence  of  the  discharge  capacity  of  Fe2C>3  -loaded  carbon  at  the  fifth  cycle  on  the  carbon  material  and  either  the  (a)  K2S  concentration  in  additive-containing 
electrolyte  or  (b)  Bi2S3  content  for  Fe203 -loaded  carbon  electrodes  with  Bi2S3  additive. 


Fig.  6.  Variation  of  the  hydrogen  evolution  current  of  Fe2C>3 -loaded  carbon  electrodes  in  the  fifth  cycle  with  (a)  the  K2S  concentration  in  additive-containing 
electrolyte  and  (b)  the  Bi2S3  content  for  Fe2C>3 -loaded  carbon  electrodes  with  Bi2S3  additive  at  —1.2  V. 


Fig.  7.  Variation  of  oxidation  peak  a2  of  Fe2C>3  -loaded  carbon  electrodes  without 
additive. 


porated  into  the  Fe(OH)2  lattice  [6-8],  which  would  modify  the 
electrode  texture  and  morphology  [8]  to  distort  the  oxide  film, 
which  leads  to  an  increase  in  the  ionic  conductivity  of  the  pas¬ 
sive  layer  [10]  and  enhances  the  rate  of  the  Fe/Fe(OH)2  reaction 
[4,8,10,17].  Obviously,  this  retards  the  passivation  process  and 
a  thicker  film  is  formed.  Thus,  the  presence  of  K2S  or  Bi2S3  in 
the  electrolyte  or  electrode,  respectively,  favored  de-passivation 
of  the  electrode.  With  further  cycling,  peak  ai  was  decreased 
and  the  overpotential  of  the  couple  peak  a2-ci  was  increased, 
which  means  that  re-passivation  occurred.  The  anodic  peaks  that 
occurred  at  a  potential  higher  than  —0.5  V  may  be  due  to  side 
reactions  caused  by  the  adsorbed  S2-  [20]. 

To  evaluate  the  effect  of  metal  sulfide  additives  on  nano¬ 
sized  Fe203 -loaded  carbon  electrodes,  the  discharge  capacity 
and  hydrogen  evolution  of  electrodes  without  and  with  the  addi¬ 
tives  were  calculated  from  CV  measurements  at  the  5th  cycle 
in  Figs.  3  and  4,  and  the  results  are  presented  in  Figs.  5  and  6, 


Fig.  8.  Variation  of  oxidation  peaks  (a)  ai  and  (b)  a2  of  Fe2C>3 -loaded  carbon  electrodes  in  electrolyte  containing  0.1  M  K2S  additive  with  cycle  number. 
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Fig.  9.  Variation  of  oxidation  peaks  (a)  ai  and  (b)  a.2  of  Fe2C>3 -loaded  carbon  electrodes  containing  1  wt%  Bi2S3  additive  with  cycle  number. 


respectively.  Discharge  capacity  was  calculated  from  the  total 
areas  of  anode  peaks  (ai  +  a2)  and  hydrogen  evolution  was  taken 
from  the  current  value  at  —1.2  V.  Regarding  discharge  capac¬ 
ity  (Fig.  5)  without  additive,  nano-sized  Fe2C>3 -loaded  tubular 
CNF  and  AB  provided  greater  capacities  than  other  carbons. 
This  is  reasonable,  since  nano-carbons,  especially  tubular  CNF 
and  AB,  have  greater  actual  surface  areas  than  other  carbons. 
Consequently,  Fe2C>3  was  more  dispersed  on  tubular  CNF  and 
AB  than  on  other  carbons.  Such  dispersion  results  in  a  larger 
active  surface  area  for  Fe2C>3 -loaded  tubular  CNF  and  AB  elec¬ 
trodes  than  for  other  Fe203 -loaded  carbon  electrodes,  thereby 
supporting  the  redox  reaction  of  iron.  With  the  use  of  a  metal 
sulfide  additive,  the  discharge  capacities  of  nano-sized  Fe2C>3- 
loaded  carbon  electrodes  were  remarkably  improved  (Fig.  5). 
The  effect  of  an  additive  depended  on  the  type  of  carbon,  the 
type  of  additive  and  the  concentration  of  the  additive.  Bi2S3  had 
a  more  beneficial  effect  than  K2S,  as  evidenced  by  greater  capac¬ 
ities  for  all  of  the  carbons.  Among  the  carbons  used,  electrodes 
with  tubular  CNF  and  AB  delivered  larger  discharge  capaci¬ 
ties  than  those  of  other  carbons  when  K2S  or  Bi2S3  was  used. 
Interestingly,  the  electrode  using  graphite  delivered  as  large  as 
a  capacity  as  those  containing  tubular  CNF  or  AB  in  the  pres¬ 
ence  of  Bi2S3  additive.  Particularly,  the  discharge  capacity  of 
VGCF  was  less  than  that  of  other  carbons,  and  was  increased 
considerably  by  Bi2S3  additive. 

On  the  other  hand,  the  role  of  additive  in  the  hydrogen  evolu¬ 
tion  reaction  is  an  important  factor  that  contributes  to  improving 
the  cycle  performance  of  electrode.  Two  paths  for  the  hydrogen 
electrode  evolution  in  alkaline  solution  were  considered  [21]: 

a  primary  step: 

H20  +  e  -*  Had  +  OH-  (I) 

coupled  with  either  an  electrochemical  desorption  step: 

H20  +  Had  +  e  -*  H2  +  OH”  (II) 

or  a  molecular  recombination  desorption  step: 

Had  +  Had  ^  H2  (III) 

The  variation  of  current,  which  was  attributed  to  hydrogen 
evolution  at  —1.2  V,  with  the  concentration  of  the  additive  is 
depicted  in  Fig.  6.  Compared  with  the  additive-free  electrodes, 
hydrogen  evolution  was  greatly  decreased  for  all  of  the  carbons 


Fig.  10.  Cycle  performance  of  electrodes  (a)  without  additive,  (b)  with  0.1  M 
K2S  additive  in  the  electrolyte,  or  (c)  2  wt%  Bi2S3  additive  in  the  electrode. 
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Fig.  11.  Discharge  curves  of  nano-sized  Fe2C>3-loaded  tubular  CNF  without  and  with  additive. 


tested.  It  is  clear  that  hydrogen  evolution  was  significantly  sup¬ 
pressed  by  both  K2S  and  Bi2S3  additive  for  all  of  the  carbons. 
This  result  agrees  with  those  reported  earlier  [7,14,20] ;  the  main 
reason  for  this  result  is  absorption  of  the  highly  polarizable  S2_ 
ion.  Carta  et  al.  [21]  claimed  that  the  molecular  recombination 
reaction  (step  (III))  was  inhibited  by  S2_  ion  chemisorption. 
Another  possible  reason  is  that  the  change  in  surface  species 
probably  also  influences  the  overpotential  of  the  hydrogen  evo¬ 
lution  reaction  [18]. 


1  1  i2  D  pm  C  K 


In  addition  to  the  above  effects  of  metal  sulfide  additives, 
the  position  of  redox  peaks  was  changed  in  the  presence  of 
additive.  The  variation  of  anodic  peaks  of  electrodes  with  and 
without  additive  is  presented  in  Figs.  7  and  8.  The  oxidation 
peak  a2  of  additive-free  electrode  (Fig.  7)  gradually  moved  to  a 
more  positive  potential  with  repeated  cycling  when  AB,  platelet 
CNF  or  VGCF  was  used.  This  suggested  that  overpotential  was 
gradually  increased,  which  led  to  a  decrease  in  capacity.  For 
tubular  CNF  or  graphite,  this  peak  seems  to  be  maintained  on 
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Fig.  12.  SEM  images  and  distribution  of  Fe  and  carbon  for  nano-sized  Fe2C>3  -loaded  graphite  (a)  without  additive  and  (b)  with  0.1  M  K2S  additive  in  the  electrolyte 
after  the  15th  cycle. 
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subsequent  sweeping.  This  tendency  was  accelerated  by  K2S 
or  Bi2S3  additive  not  only  at  anodic  peak  a2  but  also  at  ai 
(Figs.  8  and  9).  This  leads  to  an  increase  in  overpotential  and 
overlap  of  the  oxidation  peak  of  iron  and  a  side  reaction  at  high 
potential.  The  reactions  that  appeared  at  potential  higher  than 
—0.5  V  are  attributed  to  side  reactions  due  to  the  oxidation  of  S2_ 
adsorption  [20]. 

The  cycle  performance  of  nano-sized  Fe2C>3 -loaded  carbons 
without  and  with  additive  is  shown  in  Fig.  10.  For  additive- 
free  electrodes,  high  discharge  capacities  were  obtained  at 
initial  cycles  and  these  gradually  decreased  in  subsequent  cycles 
(Fig.  10a).  Cycle  performance  was  significantly  improved  when 
a  metal  sulfide  additive  was  used  (Fig.  10b  and  c).  The  effect 
of  the  additive  depended  on  the  type  of  carbon  and  the  additive. 
In  the  case  of  Bi2S3  (Fig.  10c),  while  the  trend  in  the  change 
in  discharge  capacity  is  similar  to  that  of  the  additive-free  elec¬ 
trode  the  discharge  capacity  values  themselves  are  much  higher. 
This  is  attributed  to  the  effect  of  S2_  adsorption,  as  discussed 
in  the  description  of  CV  measurement.  Although  the  cycle  per¬ 
formance  of  electrodes  was  improved  by  Bi2S3,  the  discharge 
capacity  still  gradually  decreased  with  repeated  cycling,  and 
graphite,  tubular  CNF  and  VGCF  provided  greater  discharge 


1  1  1 2.0  m m  Fe  K 
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capacities  than  AB  or  platelet  CNF.  A  quite  different  result  was 
seen  when  K2S  was  used  (Fig.  10b).  In  initial  cycles,  the  dis¬ 
charge  capacity  was  very  small  but  then  gradually  increased  to 
reach  high  capacity  after  about  15  cycles;  however,  this  value 
gradually  decreased  with  further  cycling.  This  result  may  be  due 
to  too  much  S2_  ion  in  the  electrolyte  with  the  use  of  0. 1  M  K2S. 
The  surface  of  the  electrode  was  fully  covered  by  adsorbed  S2- 
at  the  beginning  of  the  cycling,  which  led  to  a  very  low  reaction 
rate  of  iron  pieces.  This  caused  a  small  capacity  for  the  elec¬ 
trode  in  the  initial  cycles.  Upon  further  cycling,  adsorbed  S2- 
was  consumed  in  part  due  to  the  oxidation  of  sulfide  ion  [20] 
and  the  remaining  adsorbed  S2-  supported  the  Fe/Fe(II)  reac¬ 
tion  to  result  in  an  increase  in  the  discharge  capacity.  This  was 
confirmed  by  the  discharge  curves  of  electrode  using  tubular 
CNF  in  Fig.  11.  In  the  first  cycle  (Fig.  11a),  one  plateau  was 
observed  with  an  additive-free  electrode  at  around  —0.8  V  and 
two  plateaus  occurred  at  around  —0.95  V  and  —0.75  V  when 
Bi2S3  was  used.  For  K2S  additive,  no  plateau  was  seen  within 
the  range  of  —  1.0  V  to  —0.7  V,  except  for  a  small  plateau  at 
around  —0.45  V,  which  is  attributed  to  a  side  reaction  of  sul¬ 
fide  ion.  When  the  cycle  number  increased  to  the  10th  cycle 
(Fig.  lib),  a  plateau  was  seen  around  —0.7  V  along  with  an 


Fig.  13.  SEM  images  and  distribution  of  Fe  and  carbon  for  nano-sized  Fe2C>3-loaded  tubular  CNF  (a)  without  additive  and  (b)  with  2  wt%  Bi2S3  additive  in  the 
electrode  after  the  15th  cycle. 
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Fig.  14.  SEM  images  and  distribution  of  Fe  and  carbon  for  nano-sized  Fe2C>3-loaded  (a)  graphite  in  electrolyte  containing  0.1  M  K2S  additive  and  (b)  tubular  CNF 
with  2  wt%  Bi2S3  additive  in  the  electrode  after  the  50th  cycle. 


increase  in  discharge  capacity  in  the  case  of  K2S  additive,  while 
a  large  capacity  was  maintained  for  Bi2S3  additive  even  though 
it  gradually  decreased.  Thus,  the  beneficial  effect  of  a  sulfide 
additive  was  clearly  revealed  by  the  larger  capacity  of  an  elec¬ 
trode  containing  additive  compared  to  that  of  an  additive-free 
electrode. 

To  better  understand  why  the  cycle  performance  improved 
with  a  metal  sulfide  additive  as  well  as  the  decrease  in  capac¬ 
ity  with  repeated  cycling  even  in  presence  of  additive,  SEM 
and  EDS  studies  were  carried  out  on  electrodes  with  and  with¬ 
out  additive  after  the  15th  cycle  and  the  results  are  presented 
in  Figs.  12  and  13.  Compared  to  SEM  and  EDS  results  before 
cycling  (Fig.  2),  it  is  clear  that  after  cycling,  in  the  case  of  with¬ 
out  additive  (Figs.  12a  and  13a),  iron  was  aggregated  into  large 
particles  on  the  carbon  surface,  and  this  could  explain  the  dis¬ 
appearance  of  the  first  anodic  peak  ai  in  the  CV  measurement 
(Fig.  3a)  and  the  decrease  in  discharge  capacity  upon  further 
cycling  (Fig.  10a).  When  additive  was  applied  to  an  electrode  or 
electrolyte,  after  the  15th  cycle,  iron  pieces  were  still  distributed 
uniformly  (Figs.  12b  and  13b).  Such  distribution  of  iron  pieces 
favored  the  redox  reaction  of  iron  and  retarded  the  passivation 


process,  which  led  to  an  increase  in  the  capacity  of  the  electrode 
(Fig.  10b  and  c).  This  result  is  consistent  with  the  CV  mea¬ 
surement,  as  evidenced  by  the  appearance  of  anodic  peak  ai, 
which  is  attributed  to  the  oxidation  of  Fe/Fe(OH)2.  However,  if 
cycling  was  prolonged  until  the  50th  cycle,  the  distribution  of 
iron  changed  (Fig.  14):  large  iron  particles  were  observed  on  the 
carbon  surface  even  in  the  presence  of  additive.  This  is  thought 
to  be  one  of  the  main  causes  of  the  decline  in  capacity.  This 
decrease  may  also  be  promoted  by  side  reactions  caused  by  the 
additive.  The  oxidation  of  sulfide  ion  leads  to  repassivation  of 
the  electrode  by  the  deposition  of  elemental  sulfur  [20] . 

4.  Conclusions 

The  effects  of  K2S  and  Bi2S3  additives  on  the  electrochemical 
behavior  of  nano-sized  Fe203 -loaded  carbon  electrodes  were 
interpreted  in  terms  of  the  adsorbed  sulfide  ion.  Ion  sulfide  is 
incorporated  into  the  Fe(OH)2  lattice  and  interacts  with  Fe(II)  in 
the  oxide  film  to  enhance  the  ionic  conductivity  of  the  electrode, 
retard  passivation  and  promote  the  dissolution  of  iron,  which 
improve  the  cycle  performance. 
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Sulfide  may  also  suppress  hydrogen  evolution.  A  significant 
reduction  in  hydrogen  evolution  was  attributed  to  inhibition  of 
the  molecular  recombination  reaction  of  hydrogen  adsorption 
by  S2-  ion  chemisorption. 

The  effects  of  additives  on  the  cycle  performance  of  nano¬ 
sized  Fe2C>3 -loaded  carbon  depend  on  the  type  of  carbon  used 
as  well  as  the  additive.  The  discharge  capacity  of  nano-sized 
Fe203 -loaded  carbon  electrode  was  remarkably  improved  by 
both  K2S  and  Bi2S3.  EU2S3  had  a  greater  benefit  than  K2S  addi¬ 
tive  for  all  of  the  carbons  tested  in  terms  of  capacity.  In  the 
presence  of  metal  sulfide  additive,  nano-sized  Fe2C>3  -loaded  car¬ 
bon  is  a  promising  candidate  for  a  high-capacity  Fe-air  battery 
anode. 
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